We attempted to determine if intrapulmonary sensory receptors are nourished by the pulmonary or the systemic circulation. Single unit activity from the cervical vagus nerve was recorded in anesthetized, open-chest, mechanically ventilated rabbits, comparing responses to right or left ventricular injection of 2% lidocaine (at 4 mg/kg). Airway mechanosenors [slowly adapting receptor (SARs) and rapidly adapting receptors (RARs)] were inhibited by lidocaine, whereas chemosensors [C-fiber receptors (CFRs) and high threshold Aδ receptors (HTARs)] were stimulated. Furthermore, all types of airway sensors were perfused preferentially by the pulmonary circulation. For example, 14 of the 15 tested SARs ceased discharge at 4.1±0.6 sec after lidocaine injection into the right ventricle. The blocking effect lasted 35±6.2 sec. In contrast, none of the fifteen SARs ceased their activity after lidocaine injection into the left ventricle. Our data show that intrapulmonary sensors are mainly nourished by the pulmonary circulation. Their very short latency indicates that these sensors receive ample blood supply. Thus, intrapulmonary sensors rely on the pulmonary circulation to detect bioactive agents in the blood.
INTRODUCTION
The lung and the airways are richly innervated by vagal afferents. The vagus nerve innervates four groups of airway sensory receptors: slowly adapting receptors (SARs), rapidly adapting receptors (RARs), C-fiber receptors (CFRs), and high threshold Aδ receptors (HTARs) (6; 14; 20; 32) . These receptors participate in defense reflexes such as coughing and sneezing and modify respiratory and cardiovascular performance (6; 14) . Many studies have focused on the effect of pathological states in activating intrapulmonary sensors and their reflex function (7; 11; 27) . Increasing evidence suggests that the airway sensors play important roles in innate immune responses and in pulmonary diseases through neuro-immune interaction (33; 34) .
The lungs are the major site for passage and metabolism of bioactive substances that can activate airway sensors. Knowing the source of the blood supply to airway sensors helps with understanding pulmonary sensory mechanisms, and thus has both physiological and clinical significance. The lungs are uniquely perfused by two separate circulatory routes, pulmonary and bronchial (3) . The pulmonary circulation delivers the entire cardiac output. In addition to gas exchange and maintaining lung fluid balance, pulmonary microvessels act as a source of production, processing, and release of humoral mediators. In contrast, the bronchial circulation carries less than 3% of the cardiac output. There is some evidence of bronchopulmonary anastomoses; however, their significance is controversial (18) . Although infrequently found in normal lungs, they may increase considerably in certain pathologic disorders (9; 10) . Anastomoses are more easily demonstrable in infants than adults (29) .
The local anesthetic lidocaine blocks voltage-gated Na + channels and suppresses action potential generation and propagation of neurons, including airway sensors. In humans, inhalation of lidocaine blocks airway sensors (12; 25; 31) ; however, whether blocking the sensor alters breathing pattern is controversial. For example there are variable reports showing it alters breathing pattern at rest (25) , during exercise but not at rest (31) , or even has no effects during exercise (12) . Local anesthetics can also depolarize sensory neurons by activating the transient receptor potential vanilloid 1 channel (TRPV1) (15) . TRPV1 is a nonspecific cation channel predominantly expressed by nociceptive sensory neurons. In this study, lidocaine was employed to determine if intrapulmonary airway sensors are nourished by the pulmonary circulation or the systemic circulation.
METHODS

General:
All procedures complied with ethical standards established by the National Institutes of Health and were IACUC-approved at the University of Louisville. Experiments were performed on 30 New Zealand rabbits (body weight 2.0 -2.4 kg). The rabbits were premedicated with Ketamine HCl (50 mg/kg, i.m.) and xylazine (5 mg/kg, i.m.) and then anesthetized intravenously with 20% urethane (1g/kg). Both the femoral vein and artery were cannulated for medication delivery and measuring blood pressure through a strain gauge pressure transducer.
Surgical Procedures:
After a midline incision to expose the trachea and vagus nerve, the trachea was cannulated low in the neck. The lungs were ventilated by a Harvard ventilator (Model 683, South Natick, MA). Positive end expiratory pressure (PEEP) was applied by placing the expiratory outlet under 4 cm H 2 O. Airway pressure was monitored by a Statham pressure transducer (P23) attached to the tracheal tube. The chest was then opened widely through a sternostomy so that the receptive field of the sensory nerve could be grossly located by gently exploring the pleural lung surface with a cotton tip applicator. Airway pressure, blood pressures and afferent activities were recorded by an Astro-Med thermorecorder (Dash IV).
Recording technique:
The vagus nerve was cut high in the neck. The peripheral end of the nerve was placed on a dissecting plate, desheathed, and flooded with mineral oil. Subsequently, the vagus nerve's filaments were separated with a pair of watch-maker's forceps. The fine filaments were then placed on a pair of platinum electrodes connected to an AC-coupled amplifier. The electrodes were connected to a high impedance probe (Model HIP 511) with the output fed to a Grass (P511) amplifier. After suitable amplification, the single unit activities were displayed on an oscilloscope and acoustically monitored by an attached loudspeaker. In addition, a voltage analogue of impulse frequency was produced by a rate-meter (Frederick Haer, Brunswick, ME) at a bin width of 0.1 sec. Baseline unit activity was calculated for one minute, with each unit serving as its own control. Peak response was obtained following injection of lidocaine. Unit activity was expressed as impulses per second (imp/s).
Sensory receptors were classified according to convention (16) . SARs and RARs were identified by their adaptation index (<30% for SARs and >70% for RARs). HTARs were identified by their discharge pattern. They do not behave like SRAs or RARs, but similarly to CFRs, with a conduction velocity of 4-15 m/seconds (16) . CFRs were identified according to their discharge pattern and a conduction velocity of <1.5 m/sec. Sensory receptive fields were identified by the unit response to probing the lung with a cotton applicator (35) . The sensors that are identified in the lung were studied. To assess blood supply, we compared the responses of the sensors to right or left intra-ventricular injection of 2% lidocaine (at 4 mg/kg in 0.4ml). This dose was determined by a preliminary trial as giving reliable suppression and stimulation of the sensors without eliciting detrimental cardiovascular suppression. The ventricular injections were made through a trans-cardiac needle. The needle location is verified by color of the blood withdrawn from the heart chamber. The blood drawn from the left ventricle is bright red, while that from the right one is bluish dark. The injection was further confirmed by looking at the time course of the depressor response. The left ventricular injection had a shorter latency than the right one.
RESULTS
Twenty-five mechanosensors and 25 chemosensors were identified. Among the mechanosensors, 15 were SARs and 10 were RARs. Twelve of the 25 chemosensors were HTARs and 13 were CFRs.
The SARs showed typical increase in activity during lung inflation, with decrease during deflation. Their discharges were regular and predictable. Twelve SARs were high threshold (with a deflation pause in activity); the other 3 were lower threshold (with a continuous discharge during lung deflation), discharging at 35.6±7.7 and 42.2±11.3 imp/sec, respectively. Fourteen of the 15 SARs tested ceased discharge at 4.1 ± 0.6 sec after lidocaine injection into the right ventricle (Fig. 1) . The blocking effect lasted 35 ± 6.2 sec. None of the 15 SARs ceased activity with lidocaine injection into the left ventricle. The difference between ceasation rates (14/15 for the right injection vs 0/15 for the left injection) was statistically significant by Chi square test (p< 0.001). In addition, blood pressure dropped significantly (about 40 mmHg) after injection of lidocaine into both ventricles, confirming effective delivery of the lidocaine. The latency period for the decrease in blood pressure was much shorter for injection into the left ventricle than the right ventricle. The peak responses were 3.95±0.75 sec versus 8.31±0.47 sec (n=15; p<0.01), suggesting that the depressor effect occurs via the systemic circulation.
Ten RARs were examined and had irregular discharges with lower frequencies than SARs. Their activity usually occurred during lung inflation; however, 3 RARs were inactive. The rest had low baseline discharge frequency (1.3±1.4 imp/s, n=7). Average baseline activity was 0.9±1.2 imp/s (n=10). RAR peak activity increased to 20.5±18.7, 51.5±37, and 94±26.4 imp/sec at lung inflations of 10, 20, and 30 cm H 2 O, respectively. None of RARs were stimulated by lidocaine. Five had no response to either right or left ventricular injections of lidocaine. The remaining five were suppressed by lidocaine injected into the right side but not the left. Like the SARs, their activity was immediately suppressed at the first or second ventilator cycle after injection and ceased for several breaths before gradually recovering. Like the SAR, the RAR was suppressed earlier before the blood pressure dropped to the nadir (Fig. 2) . Therefore, most RARs in the lung are perfused by the pulmonary circulation. It appeared that RARs with relatively high discharge frequency during respiratory cycles were inhibited, but those with lower and sporadic discharges were non-responders. We cannot determine if inactive or almost inactive RARs were suppressed.
Baseline activity in both CFRs (0.3±0.2 imp/sec, n=13) and HTARs (0.2±0.1 imp/sec, n=12) was sporadic and low (averaging 0.3±0.2 imp/sec, n=25). Their discharge patterns were similar and there was no clear relation to the ventilation cycle. In marked contrast to RARs and SARs, nociceptors responded to lung inflation but with very low discharge frequencies. For example, peak activities were 5.0±3. (Fig. 3) , and five of these 12 nociceptors were also stimulated by the left ventriclar injection (Figs. 4 and 5) . Two nociceptors were stimulated by the left injection but not the right injection. One of the HTARs was suppressed, instead of stimulated, by lidocaine injection. The fifteen responders were illustrated in Fig. 5 .
DISCUSSION
The pulmonary circulation contains a higher concentration of metabolic byproducts than the systemic circulation (8) . These bioactive products can stimulate afferents and influence how the central nervous system interprets the chemical state of the lung (6; 14; 17) . Our data show that the majority of intrapulmonary sensors, including nociceptors, are nourished by the pulmonary circulation, providing an anatomical basis for detecting endogenous bioactive agents in the lung during disease. These studies support the hypothesis that airway receptors act as biosensors that monitor immune information and can send signals to the brain for lung-brain communication.
Paintal first investigated perfusion of non-myelinated vagal lung sensors in cats in 1957 (21) . These sensors were stimulated following injection of phenyl diguanide into the right atrium (pulmonary circulation), but not into the left atrium (bronchial circulation) (22) . In addition, they were immediately suppressed by inhalation of anesthetics, indicating ready accessibility from the surfaces of airways. Therefore, the endings were believed to be located near the alveoli and close to pulmonary capillaries. These sensory receptors were termed juxta-capillary receptors, or J receptors. In 1977, Coleridge and Coleridge identified two groups of non-myelinated sensors based on the latency of their response following injection of capsaicin into the right or left atrium in dogs; they were named pulmonary and bronchial CFRs (5). In 1984, Trenchard et. al. classified CFRs in rabbits into three groups: pulmonary, bronchial and pulmonary-bronchial, on the basis of their responses to cardiovascular injections of phenylbiguanide (28) . Our current results from the nociceptors agree well with Trenchard's observations. By injecting lidocaine at a minimally effective concentration into the pulmonary and systemic circulation, we demonstrated that the pulmonary circulation perfuses most SARs in the lung. Their activity is blocked by injection into the right ventricle, but not the left. The decrease in blood pressure seems to be caused by action in the systemic circulation. This knowledge is important because it can help to delineate the action of the anesthetic blockade. For example, Aoki et al (1) reported that intravenous injection of lidocaine suppresses SARs in cats, although they did not specify if the action was via the pulmonary or systemic circulation. The sensory blockade preceded the decrease in blood pressure, suggesting that the effect is through the pulmonary circulation.
Armstrong and Luck found most SARs are readily stimulated by intravenous injection of veratrine (2) . They believed these sensory receptors are located on the terminal bronchioles near the alveoli because they are readily accessible from the pulmonary circulation. In Ravi's study, injection of veratrine into the pulmonary circulation stimulated 83% of high threshold SARs, but only 25% of low threshold SARs (23) . Since low threshold SARs are predominant in central airways while high threshold SARs are located more peripherally, the result also supports majority of intrapulmonary SARs are pulmonary perfused. The accessibility via the systemic or the pulmonary circulation of SARs and RARs was also studied in dogs by Sant'Ambrogio (24), who found more centrally located SARs (tracheal) received their blood supply via the systemic circulation, whereas more peripheral SARs (intrapulmonary) were preferentially perfused via the pulmonary circulation. This is in agreement with anatomical studies on airway perfusion (4). However, a mixed dependency between the two vascular routes was observed when sensory endings were located in the intrapulmonary portions of the lobar bronchi. There are two potential explanations for this observation. First, there may be microcirculatory routes shared by the bronchial and pulmonary circulation and these receptors can receive their blood supply from either the pulmonary or systemic circulation. These microcirculatory routes have been anatomically illustrated in previous studies (26) . Second, the activity of the receptors observed may be a consequence of the concentration of the bioactive substance injected. If high concentrations are injected into the systemic circulation (left ventricle), then there would be ample concentration available to stimulate pulmonary sensors when it reached the pulmonary circulation through the venous system. Listed in their Table 2 , two of the three SARs in the lobular bronchi (in the benzoate study) were perfused by bronchial circulation. After eliminating these two SARs and calculating the latency periods for the remaining 19 SARs, the latencies were 4.9 and 15 sec following the right and left atrial injection, respectively. Such a long latency after the left side injection indicates that SAR activation is due to re-circulation of the agent into the pulmonary vasculature.
Under normal conditions, pulmonary circulation operates in a negative pressure environment. Theoretically, PEEP application, mechanical ventilation, and open chest may increase the resistance of pulmonary circulation and thus may affect pulmonary/bronchial blood flow distribution in favor of bronchial perfusion. However, such a potential alteration should not cause a bias in our interpretation that pulmonary circulation is the major perfusion route for intrapulmonary sensors.
HTARs have been identified both in intact animals and in vitro studies (30; 32) . HTARs differ from RARs and share many properties with CFRs. Approximately 60% of the nociceptors in this series were stimulated by lidocaine. In a previous report (16) , HTARs were significantly stimulated during acute lung injury caused by intravenous injection of oleic acid, yet RAR sensitivity to lung inflation was suppressed during oleic acid induced injury. The current studies further demonstrate the differences in sensory properties between HTARs and RARs. HTARs were stimulated by lidocaine, whereas RARs were inhibited. Clearly, these myelinated afferents are two distinct populations. We do not know the activation mechanism. If the chemosensor stimulation is due to activation of TRPV1 receptors (15) , then it indicates that mechanosensors don't possess TRPV1 receptors. Since not all CFRs and HTARs are activated by lidocaine, the nociceptors must be a heterogeneous group. We do not know why 10 nociceptors did not respond to lidocaine. These sensors may be far away from the capillaries that perfuse them, may not be sensitive to the agent, or may come from different origins since airway nociceptors are reported to originate from the jugular and nodose ganglia (13) . Furthermore, lidocaine is an anesthetic. At high concentrations, it should inhibit the sensory neuron, but it may have both stimulatory and inhibitory effects mediated through different mechanisms. Therefore, lidocaine effects should be both time and concentration dependant. However, it is not surprising that the nociceptors responded to lidocaine heterogenously. Similarly, capsaicin stimulates many C fibers, but not the others.
Since the lung is a major site for passage and metabolism of bioactive substances that can activate airway sensors, knowing the source of the blood supply for those sensors is crucial to understanding their function in immunity. However, the pattern and extent of anastomoses between the circulatory systems differ and vary dramatically by species. For example, the rabbit is more extensively perfused by the pulmonary circulation compared to other species (19) . The bronchial artery in the rabbit terminates at the third division of the mainstem bronchus. Beyond this point, the parenchymal blood supply is derived from the pulmonary circulation. In view of the significant differences in airway anatomy, blood flow and receptor distribution, the findings in the present studies preclude direct extrapolation to other species including humans. However, the results may help to identify the role of airway sensors in disease processes in future studies.
In conclusion, the behaviors of chemosensors, including CFRs and HTARs, are similar. Mechanosensors, such as RARs and SARs, are also much alike, but chemical and mechanical sensors are very different. Chemosensors are stimulated by lidocaine, whereas mechanosensors are inhibited. Since intrapulmonary airway sensors are readily accessible from the pulmonary circulation, any agent with higher concentration in the pulmonary versus the systemic circulation during disease conditions will have a greater stimulatory effect on susceptible sensors.
PERSPECTIVES AND SIGNIFICANCE
Increasing evidence indicates that airway sensors play a crucial role in transmitting immune information from the lung to the central nervous system. Therefore, knowing the source of perfusion for the sensor is important in understanding the pathophysiological mechanisms of these sensors in signal transduction. The present results show that most of the intrapulmonary sensors are perfused by the pulmonary circulation. Furthermore, the behavior of chemosensors (C fiber and high threshold Aδ receptors) is different from that of mechanosensors (SARs and RARs). The chemosensors are stimulated by local anesthetics (lidocaine) whereas the mechanosensors are suppressed. Thus, lidocaine is a useful tool to assess the accessibility of the sensors to blood supply. Our results indicate that intrapulmonary sensors are positioned to detect bioactive agents in the pulmonary circulation, providing a neurally mediated lung-brain communication. The arrows indicate the beginning and end of injection. The RAR discharge ceased immediately following injection. The blockade of activity preceded the decrease in blood pressure. The RAR was also inhibited by left side injection with a much longer delay. The inhibition occurred after peak response in blood pressure. This suggests that the blockade is at the level of pulmonary circulation. 
